ABSTRACT The current study investigated the efficacy of a probiotic mixture on ameliorating heat stress-induced impairment of intestinal microflora, morphology, and barrier integrity in broilers. The probiotic mixture contained Bacillus licheniformis, Bacillus subtilis, and Lactobacillus plantarum. Three hundred sixty 21-d-old Ross 308 male broilers were allocated in 4 experimental treatments, each of which was replicated 6 times with 15 broilers per replicate. A 2 × 2 factorial design was used in the study, and the main factors were composed of diet (basal diet or addition of 1.5 g/kg of probiotic mixture) and temperature (thermoneutral zone or heat stress). From d 22 to 42, birds were either raised in a thermoneutral zone (22°C) or subjected to cyclic heat stress by exposing them to 33°C for 10 h (from 0800 to 1800) and 22°C from 1800 to 0800. Compared with birds kept in the thermoneutral zone, birds subjected to heat stress had reduced ADG and ADFI; lower viable counts of Lactobacillus and Bifidobacterium and increased viable counts of coliforms and Clostridium in small intestinal contents; shorter jejunal villus height, deeper crypt depth, and lower ratio of villus height to crypt depth; decreased jejunal transepithelial electrical resistance and a higher level of jejunal paracellular permeability of fluorescein isothiocyanate dextran 4 kDa; and downregulated protein levels of occludin and zonula occludens-1 (P < 0.05). Supplemental probiotics increased (P < 0.05) small intestinal Lactobacillus and Bifidobacterium, jejunal villus height, protein level of occludin, and decreased (P < 0.05) feed to gain ratio and small intestinal coliforms. These results indicate that dietary addition of probiotic mixture was effective in partially ameliorating intestinal barrier function. But no temperature × diet interaction was observed in the present study, revealing that the supplemented probiotics had the same effect at both temperatures.
INTRODUCTION
Heat stress is a prime consideration in poultry production systems and has a profound effect on animal health and productivity (Humphrey, 2006) . Heat stress has been shown to influence broiler physiology and induce multiple physiological disturbances, such as systemic immune dysregulation, endocrine disorders, and electrolyte imbalance (Teeter et al., 1985; Sohail et al., 2010; Sohail et al., 2012) . In recent years, some reports have indicated that heat stress negatively affects intestinal mucosa and microbiota (Burkholder et al., 2008; Quinteiro-Filho et al., 2010) . Mucosal defense mechanisms in the small intestine are able to maintain a crucial barrier to microbial invasion yet allow efficient nutrient absorption (Elphick and Mahida, 2005) . Damage to the mucosal epithelium can directly affect its barrier function. The intestinal barrier is composed of the single layer of columnar epithelial cells joined together by tight junctions, serving as the body's first line of defense against potentially harmful microorganisms and antigens residing within the intestinal lumen (Moeser et al., 2007) . However, little data are available regarding the influence of heat stress on tight junction protein expression in broilers. Conversely, alteration of this protective barrier may leave the host more susceptible to colonization by enteric pathogens (Durant et al., 1999) . The commensal intestinal bacterial populations have an important physiological and pathological effect on host. Stable intestinal microflora can protect the host from pathogen colonization by competing for epithelial binding sites and nutrients, strengthening the intestinal immune response, and by producing antimicrobial bacteriocins (Burkholder et al., 2008) .
Recent research has focused on the effects of probiotics as functional feed additives to influence broiler performance, intestinal microarchitecture, and microbial profiles (Fuller, 1989) . Probiotics are live microbial feed supplements, which beneficially affect the host animal by improving its intestinal microbial balance (Fuller, 1989) . Quite a few researches have shown the beneficial effects of probiotic in birds exposed to high temperature (Sohail et al., 2010; Deng et al., 2012) . However, less is known about the effect of probiotics on ameliorating impairment of intestinal barrier of broilers induced by heat stress. We hypothesized that heat stress might induce impairments of intestinal microflora, morphology, and barrier integrity in broilers, and dietary addition of a probiotic might have beneficial effects to ameliorate these impairments. Therefore, the aim of the current study was to assess the effects of a probiotic mixture on intestinal morphology, microflora, and permeability, as well as expressions of tight junction proteins of broilers in heat stress.
MATERIALS AND METHODS

Birds and Diets
All procedures were approved by the Institutional Animal Care and Use Committee of Zhejiang University. Three hundred sixty 21-d-old Ross 308 male broilers were randomly allocated to 4 groups, each of which was replicated 6 times with 15 broilers per replicate. The experiment was designed according to a 2 × 2 factorial arrangement of treatments, and the main factors consisted of temperature (thermoneutral zone or heat stress) and diet (basal diet or addition of 1.5 g/ kg of probiotic mixture). The thermoneutral and heat treatment were divided into 2 separated rooms. Each room was controlled at a given temperature. The basal diet used in the experiment was mash feed and was prepared in the local feed mill. The probiotic mixture was provided by Feed Research Institute (Chinese Academy of Agricultural Sciences) and comprised Bacillus licheniformis (1.0 × 10 7 cfu/g), Bacillus subtilis (1.0 × 10 7 cfu/g), and Lactobacillus plantarum (1.0 × 10 8 cfu/g). Basal diets were formulated to meet or exceed requirements suggested by the NRC (1994; Table 1) . No antibiotics were included in diets. The CP (method 968.06), lysine (method 999.13), methionine (method 999.13), calcium (method 935.13), and phosphorus (method 964.06) of diets were determined according to the methods of AOAC International (2000) . In order keep the temperature constant and complete the experiment in one phase of broiler nutrient requirements, as per NRC (1994), broiler age for the experiment ranged from 22 to 42 d. Before commencing the experimentation on d 22, all broilers were reared under the same environmental conditions and diet. In the experiment period, birds were either kept at thermoneutral zone (22°C) or subjected to cyclic heat stress by exposing them to 33°C for 10 h, from 0800 to 1800 h, and 22°C from 1800 to 0800 h. During the experiment, we used natural light in the daytime and intermittent lighting (1L:3D) at night. The night was 12 h, from 1800 to 0600; during one night, 3 light periods and 3 dark periods elapsed. The RH in both temperature treatments was 70%. The birds were reared in cages (150 × 130 × 50 cm, length × width × height) and given ad libitum access to feed and water. In the experiment, BW was measured at the age of 22 and 42 d and feed intake was measured daily. Average daily gain, ADF, and feed to gain ratio were calculated. Mortality was recorded by daily visual observation during the experimental period.
Sample Collection
On d 42, 12 birds per group were selected and slaughtered by severing the jugular veins. To ensure the representativeness of the 2 birds, the chosen birds from every pen had the same BW as pen average BW. After excising viscera of the chicks, small intestinal contents, jejunal segments, and mucosa were harvested rapidly. Samples of the contents from the small intestine (from the distal end of the duodenum to the ileo-cecal junction) were collected by squeezing the small intestine gently then rapidly put on ice until they were transported to the laboratory for enumeration of microbial populations. For sampling mucosa, segments of jejunum were cut off and the mucosal side exposed. The mucosal side was nipped by forceps and gently rinsed in normal saline until content was cleaned. Jejunal mucosa was scraped by blunt side of surgical knife blades, the mucosal scrapings were collected in microtubes imme- diately, frozen in liquid nitrogen, and stored at −80°C until analysis of expression of tight junction proteins. Segments of midjejunum were harvested immediately after euthanasia and prepared for Ussing chamber studies (Hu et al., 2013a) . Adjacent specimens were fixed in 10% formalin for morphology measurements.
Intestinal Morphology
The specimens of midjejunum were embedded in paraffin, sectioned (5 µm), and stained with hematoxylineosin according to the procedures of Hu et al. (2013a) . Morphological measurement of villus height and crypt depth was conducted using an image processing and analysis system (Leica Imaging Systems Ltd., Cambridge, UK). The ratio of villus height to crypt depth was calculated.
Small Intestinal Microbial Populations
The small intestinal microbiota were analyzed using the small intestinal content for the total viable counts of Lactobacillus, Bifidobacterium, coliforms, and Clostridium by the culture techniques described by Xia et al. (2005) and Hu et al. (2012) . Culture medium for microbial enumeration were de Man, Rogosa, Sharpe agar (QingDao Hopebio-Technology Co. Ltd., QingDao, China) for Lactobacillus, reinforced clostridial agar plus supplements (Munoa and Pares, 1988) for Bifidobacterium, MacConkey's no. 2 for coliforms (QingDao Hopebio-Technology Co. Ltd.), and SulphitePolymyxin Milk Agar (Mevissen-Verhage et al., 1987) for Clostridium. The bacterial numbers were expressed as log 10 cfu per gram of DM.
Jejunal Barrier Function
The intestinal epithelial tight junction permeability was measured by transepithelial electrical resistance (TER; Ω•cm 2 ) value and paracellular flux of fluorescein isothiocyanate dextran 4 kDa (FD4; Sigma-Aldrich, St. Louis, MO) in Ussing chambers. The Ussing chamber procedures were performed as described by Hu et al. (2013a) . Briefly, jejunal specimens were stripped from the seromuscular layer and mounted in the Ussing chamber system with a multichannel voltage-current clamp (model VCC MC6, Physiologic Instruments, San Diego, CA). The clamps were connected to Acquire and Analyze software (Physiologic Instruments) for automatic data collection. The TER (Ω•cm 2 ) was recorded at 15-min intervals over a 2-h period and the averaged TER values were calculated. Simultaneously, permeability of FD4 (ng/cm 2 per h) was performed as described by Hu et al. (2012) . The concentration of FD4 in the serosal side was measured by fluorescence microplate reader (FLx800, Bio-Tek Instruments Inc., Winooski, VT). The flux of FD4 over the 2-h period was calculated.
Tight Junction Protein Immunoblot Analysis
Tight junction protein expressions of occludin and zonula occludens-1 (ZO-1) were measured by Western blotting as described by Hu et al. (2013b) . Briefly, protein from jejunal mucosa samples was extracted according to the instructions of total protein extraction kit (Keygen Biotech, Nanjing, China). Equal amounts of protein from each treatment (20 µg) were separated by SDS-PAGE on 10% (occludin) and 7.5% (ZO-1) polyacrylamide gels. Proteins were transferred to polyvinylidene difluoride membranes (Millipore, Bedford, MA) by electrophoretical trarsmembrane. Primary antibodies used for detections were rabbit polyclonal antioccludin (Invitrogen Corporation, Carlsbad, CA) and goat polyclonal anti-ZO-1 (Santa Cruz Biotechnology Inc., Dallas, TX). Blots were also probed with antiactin antibodies. The secondary antibodies were horseradish peroxidase-conjugated goat polyclonal antirabbit antibody and rabbit polyclonal antigoat antibody. Blots were developed using an enhanced chemiluminescence detection kit (Keygen Biotech), photographed using the ChemiScope 3400 (Clinx Science Instruments, Shanghai, China), and analyzed using Quantity One software (Bio-Rad Laboratories, Hercules, CA). The value of protein expression was the ratio of the densitometry units of tight junction protein and β-actin. The sample of the thermoneutral zone group fed the basal diet was used as the reference sample. The protein expression of all samples was expressed as fold changes calculated relative to the thermoneutral zone group fed basial diet.
Statistical Analysis
Statistical analyses were performed using SPSS 16.0 for Windows (SPSS Inc., Chicago, IL). Data were analyzed by ANOVA using the GLM procedure appropriate for a factorial arrangement of treatments in a randomized complete block design. The statistical model included the effects of temperature (thermoneutral zone or heat stress), diet (basal diet or supplementation with probiotic mixture), and their interactions. Data were expressed as means. Differences among means were tested using Duncan's multiple range tests. Treatment contrasts for temperature and diet were evaluated with difference analysis using independent samples ttest. Differences were considered as significant when P < 0.05. Instances in which P < 0.10 were discussed as trends.
RESULTS
Growth Performance
As Table 2 shows, no temperature × diet interaction was observed for the growth performance of chicks. Broilers challenged with heat stress had lower (P < 0.05) ADG and ADFI than those in the thermoneutral zone. Relative to broilers fed the basal diet, broilers supplemented with probiotics had a lower (P < 0.05) feed to gain ratio. No mortality occurred throughout the entire experimental period.
Intestinal Microflora
No temperature × diet interaction was observed for the total viable counts of Lactobacillus, Bifidobacterium, coliforms, and Clostridium in small intestinal content of broilers (Table 3) . Compared with the broilers in thermoneutral zone, heat-stressed broilers had lower (P < 0.05) viable counts of Lactobacillus and Bifidobacterium and higher (P < 0.05) viable counts of coliforms and Clostridium. As compared with basal diet supplementation, oral administration of probiotics increased (P < 0.05) the viable counts of Lactobacillus and Bifidobacterium, decreased (P < 0.05) viable counts of coliforms, and tended (P < 0.10) to decrease viable counts of Clostridium.
Morphological Measurement of the Jejunal Mucosa
Jejunal morphology of broilers is presented in Table  4 . Broilers in heat stress had shorter (P < 0.05) villus height, deeper (P < 0.05) crypt depth, and lower (P < 0.05) villus height to crypt depth ratio than those in the thermoneutral zone. Broilers fed probiotics had longer villus height than those fed the basal diet. A trend (P < 0.10) was observed for a temperature × diet interaction for villus height; no temperature × diet interaction was observed for crypt depth and villus height to crypt depth ratio in broilers.
Jejunal Barrier Function
Jejunal barrier function of chicks, as reflected by TER and paracellular flux of FD4 is presented in Table  5 . As compared with broilers in thermoneutral zone, heat-stressed broilers had a lower (P < 0.05) TER value and higher (P < 0.05) FD4 permeability in the jejunal mucosa. Feeding probiotics had no (P > 0.05) effect on the increasing TER value of jejunum and decreasing FD4 permeability in jejunal mucosa as compared with those fed the basal diet. A trend (P < 0.10) was observed for a temperature × diet interaction for FD4 flux in jejunal mucosa.
Tight Junction Protein Expression
No temperature × diet interaction was observed for occludin and ZO-1 (Table 6 ). In comparison with the thermoneutral zone, heat stress reduced (P < 0.05) protein level of occludin and ZO-1. Compared with the basal diet, supplementation of probiotics increased (P < 0.05) protein level of occludin. 
DISCUSSION
Heat stress can have a profound effect on overall physiology, animal health, and productivity. Previous reports indicated that heat stress causes adverse effects on growth performance and intestinal conditions in broilers (Burkholder et al., 2008; Quinteiro-Filho et al., 2010) . The healthy condition of the small intestinal epithelium ensures its normal physiological function (Liu et al., 2009 ). Damage to the mucosal epithelium can directly affect intestinal barrier function, impairing absorption of nutrients. In agreement with earlier reports discussing the influence of heat stress on growth performance (Bartlett and Smith, 2003; Quinteiro-Filho et al., 2012; Sohail et al., 2012) , the present study showed that heat stress resulted in decreased ADG and ADFI. In heat-stressed broilers, more energy is expanded to adapt to the stress conditions, therefore less energy was used for growth, leading to the decreased growth performance (Lei and Slinger, 1970) . In addition, deteriorated performance of heat-stressed broilers can be attributed to a poor appetite and lower feed intake, which is a defense mechanism to decrease heat increment of bodies. Independent of temperature factor, supplementation with a probiotic mixture reduced feed to gain ratio as compared with basal diet.
It has been indicated that the intestinal microbiota could be considered an important determinant for gastrointestinal health (Xu et al., 2003; Sohail et al., 2011) . In stressful conditions, the stabilization of intestinal microbial ecology is disturbed, leading to dysbiosis (Sohail et al., 2011) . In the present study, heat stress decreased the viable counts of Lactobacillus and Bifidobacterium and increased the viable counts of coliforms and Clostridium in small intestine. This is in accordance with a prior finding that heat stress may contribute to increasing intestinal colonization by Salmonella (Burkholder et al., 2008) . In addition, heat shock proteins, expression of which can be induced by hyperthermia and other environmental stressors, may act as epithelial surface receptors for pathogen binding (Wampler et al., 2004) . As previously described, perturbation of the normal intestinal microbiota can be restored using probiotics (Martin et al., 2008) . It is demonstrated that probiotics had the potential to improve the beneficial bacteria and suppress potentially pathogenic bacteria in the intestine. The present study showed that feeding probiotics increased the viable counts of Lactobacillus and Bifidobacterium and decreased the viable count of coliforms in small intestine. Similarly, Giannenas et al. (2012) found that supplementation with probiotics could increase numbers of both Lactobacillus and Bi- fidobacterium in the ileum and cecum of broilers infected with Eimeria tenella. However, no interaction of temperature × diet was found on intestinal microflora of broilers. The absence of an interaction might mean that the supplemented product had the same effect on intestinal microflora at both temperatures and that it had no extra effect during heat stress. Probiotics have been demonstrated to be adhesive to the intestinal epithelium, resistant to acidic conditions, and able to antagonise and competitively exclude some pathogenic bacteria in vivo (Zulkifli et al., 2000) . Conversely, the probiotic mixture used in present study was composed of Bacillus licheniformis, Bacillus subtilis, and Lactobacillus plantarum. Bacillus licheniformis and Bacillus subtilis are aerobes, which use oxygen in the intestine, providing an oxygen-free environment for colonization of anaerobic probiotics such as Lactobacillus and Bifidobacterium. Consequently, these lactic acid-producing bacteria can create a more acidic environment, which impairs the growth of opportunistic pathogens (Rodrí-guez-Cabezas et al., 2010) . Gastrointestinal lesions are one of the first manifestations of stress (Cosen-Binker et al., 2004) . In the present study, apparent alterations in villus-crypt structure were observed in heat-treated broilers, which is consistent with the findings of Sohail et al. (2012) in chronic stress. Several possible reasons exist as to why the intestinal morphology was changed in response to elevated temperature, including lesions induced by intestinal ischemia (Liu et al., 2009 ) and the presence of toxins (Xu et al., 2003) . Under hyperpyrexia conditions, greater increase in blood flows to the myocardium, turbinates, nasal mucosa, and respiratory muscles result in a reduction of gut blood flow (Sakurada and Hales, 1998) . Ischemia of the enteric canal can cause epithelial shedding (Rivera et al., 2011) , proceeding to shortened villus height and deeper crypt depth. We observed relatively normal villus height in broilers supplemented with probiotic mixture. The result was in agreement with Deng et al. (2012) , who found that the probiotic Bacillus licheniformis ameliorated heat stress-induced impairment of gut morphology in laying hens. A trend (P < 0.10) for a temperature × diet interaction was observed for villus height such that the response of villus height to heat stress challenge was lower in those broilers receiving the probiotics diet compared with the heat-stress-challenged broilers fed the basal diet. This effect of probiotic organisms may have resulted from its colonization and formation of a niche in the intestine and provide protection of the villi from pathogens. Besides, reduced toxicity and better nutrient absorption may contribute to villi restoration. However, Sohail et al. (2012) found that feeding a probiotic had no effect on stress-induced damage in gut morphology of 42-dold chickens.
The integrated intestinal barrier is of great importance to the epithelial cell function (Song et al., 2013) . The epithelium is permeable to nutrients and macromolecules but provides an effective barrier against luminal antigenic agents, such as bacteria, toxins, and feed-associated antigens. Impairment of this barrier function leads to increased permeability to luminal antigens, which gain access to subepithelial tissues and result in inflammation, malabsorption, and potentially systemic disease (Moeser et al., 2007) . However, little data are available regarding the effect of probiotic on intestinal permeability in heat-stressed broilers. We used the ex vivo Ussing chamber to measure TER and paracellular flux of FD4 to monitor intestinal permeability for the first time in heat-stressed broilers. Transepithelial electrical resistance is indirect assessment of tight junction establishment and stability of cells, reflecting the paracellular permeability of the intestinal mucosa (Hu et al., 2012) . A reduction of TER value reveals an increase of paracellular permeability. The FD4 is a dextran polysaccharide traversing the intestinal epithelium mainly through paracellular pathways (Hu et al., 2013b ). An increased mucosal-to-serosal flux of FD4 reflects increased paracellular permeability and impaired intestinal barrier. In the present research, high temperature caused a reduction of TER value and elevation of FD4 permeability, indicating that heat stress induced the degradation of mucosal permeability. The possible reason for injured intestinal mucosa is that hyperthermia induced a reduction of intestinal blood flow. Lambert (2009) reported that ischemia of gut could lead to intestinal hypoxia, which likely results in reduced cellular viability and increased paracellular permeability. Moreover, Hall et al. (2001) reported that reduced blood flow could also result in oxidative and nitrosative stress, which can damage cell membranes and open tight junctions. In our study, inclusion of a probiotic mixture resulted in no improvement on TER and permeability of FD4 in jejunal mucosa as compared with basal diet. However, a trend (P < 0.10) was noted for a temperature × diet interaction for FD4 flux in jejunal mucosa such that the response of FD4 permeability in jejunal mucosa to heat stress challenge was lower in those broilers receiving the probiotics diet compared with the heat stress-challenged broilers fed the basal diet, indicating that the intestinal barrier function injured by heat stress was ameliorated to some extent. The intestinal barrier is mainly formed by a layer of epithelial cells and tight junctions, which are intercellular junctions adjacent to the apical end of the lateral membrane surface (Hu et al., 2012) . Tight junctions consist mainly of the transmembrane protein complexes (e.g., claudins and occludins) and the cytosolic proteins zonula occludens (e.g., junctional adhesion molecule, ZO-1, ZO-2, and ZO-3; Kim et al., 2012) . These proteins are specialized cell-cell interactions and form selective barriers serving the purpose of regulating paracellular transport. The dysfunction of tight junction reveals its opening between epithelial cells and the increased paracellular permeability of the intestinal mucosa. To better clarify the molecular mechanism for the impaired mucosal barrier function in heat-stressed broilers, we determined the changes in protein levels of occludin and ZO-1 for the first time. The present study indicated that heat stress reduced the protein levels of occludin and ZO-1. This result was in accordance with the decreased TER value measured by the Ussing chamber, coinciding with the conclusion of Nazli et al. (2010) that the decrease in TER correlated with disruption of tight junction proteins. Independent of temperature factor, we found that oral administration of a probiotic mixture increased protein level of occludin, indicating that probiotics improved intestinal barrier.
In conclusion, the results indicated that heat stress induced inferior growth performance, disordered small intestinal microflora, injured jejunal morphology, increased intestinal permeability, and downregulated protein levels of tight junction proteins. Dietary addition of a probiotic mixture was effective in partially ameliorating intestinal barrier function. But no temperature × diet interaction was observed in the present study, revealing that the supplemented probiotics had the same effect at both temperatures.
